Abstract: KY 1-x-y Gd x Lu y (WO 4 ) 2 channel waveguide lasers demonstrated 650 mW output power and 72% slope efficiency at 981 nm for Yb 3+ doping. For Tm 3+ doping, 149 mW output power and 31.5% slope efficiency at 1846 nm were obtained.
Introduction
In recent years, lasers in the monoclinic potassium double tungstates [1] in planar and channel waveguide geometry have been thoroughly investigated, starting with Yb-doped planar waveguide lasers in KY(WO 4 ) 2 [2] and KY 1-x-y Gd x Lu y (WO 4 ) 2 [3] with output powers up to 290 mW [2] and slope efficiencies up to 82% [3] . The first microstructured channel waveguide laser in an Yb-doped potassium double tungstate demonstrated 62% slope efficiency and 76 mW of output power [4] . The highest output power for an ytterbium-doped channel waveguide laser reported to date is 418 mW [5] . Thulium-doped planar and channel waveguides have been reported with maximum slope efficiencies of 13% and maximum output powers of 32 mW [6, 7] . The absence of detrimental upconversion effects and the typically smaller quantum defect of the Yb 3+ ion yield a better slope efficiency compared to the Tm 3+ ion. Nevertheless, slope efficiencies of 44% and 68% in Tm-doped bulk KGd(WO 4 ) 2 crystals and also fiber lasers [8, 9] suggest that improvements in terms of slope efficiency can be made in Tm-doped KYW. In this paper, we report on Yb-doped KGd x Lu 1-x (WO 4 ) 2 channel waveguide lasers with unprecedented output powers and Tm-doped KY 1-x-y Gd x Lu y (WO 4 ) 2 channel waveguide lasers with high output powers and slope efficiencies compared to former results in waveguided KYW. [4] , after which the channels were overgrown with pure KYW. Overgrowth is performed to reduce scattering losses and to increase the modal overlap with the layer, as well as to reduce end-facet losses due to rounding effects that are otherwise introduced during polishing if no overgrown layer is present. The propagation losses of the waveguides thus fabricated are ~0.34 dB/cm near 1 µm [4] and have an upper limit of ~0.11 dB/cm around 2 µm [10] . The crystals were diced to lengths of 6.6 mm and 8.45 mm for the Yb-doped and Tm-doped crystals, respectively, and end-face polished.
Channel waveguide fabrication

Laser experiments on Yb-and Tm-doped channel waveguide lasers
Laser experiments on the Yb-doped channel waveguides were performed with dielectric butt-coupled mirrors of 99.8% and 30% reflectivity, attached to the end-facets of the channels by use of index-matching fluid (Fluorinert). With the mirrors attached, the crystal was pumped at a wavelength of 981 nm in TE polarization. A second experiment was performed on the Yb-doped channel waveguides, now without butt-coupled mirrors, to assess the laser performance while feedback was only provided by the Fresnel reflections of 11% at each end-facet. In this configuration, the waveguides were pumped at 934 nm in TE polarization. A diffraction grating was used in both experiments to separate the laser beam from the residual pump beam.
Laser experiments on the Tm-doped channel waveguides were only performed with dielectric butt-coupled mirrors attached to the end-facets of the waveguide. Different dielectric mirror configurations were used with reflectivities of 99.99% (HR) and 98%, HR and 92%, and 2x92%. A Ti:Sapphire laser at 794 nm and 802 nm with TM and TE polarization, respectively, was used to pump the Tm-doped channel waveguide. The performance of the Tm-doped laser was assessed by passing the laser beam through a RG1000 high-pass filter, thereby blocking any residual pump light. A spectrometer with a resolution of 0.11 nm was used to determine the lasing wavelengths of the Yb-and Tm-doped lasers.
Laser performance of Yb-and Tm-doped channel waveguide lasers
Figure 1 displays the spectra of the Tm-doped channel waveguide laser, which was found to operate at 1930 nm in case an outcoupling degree of 2% was used (Fig. 1a) , and shifted via 1906 nm for 8% outcoupling (Fig. 1b) to 1846 nm for 2x8% outcoupling (Fig. 1c) . The higher output coupling increases the threshold inversion and forces the laser toward shorter wavelengths where the maximum gain is higher. The maximum output power of the Tm-doped laser was 149 mW with a maximum slope efficiency of 31.5% while pumping at 794 nm in TM polarization, where the absorption cross-section is strongest for this particular material. Output powers of 80 mW and 41 mW and slope efficiencies of 15.1% and 8.5% were measured for outcoupling degrees of 8% and 2%, respectively (Fig. 2a) . The performance of the Tm-doped laser while pumping at 802 nm in TE polarization is shown in Fig. 2b . Its performance was found to be inferior, with maximum output powers of 76 mW, 54 mW, and 18 mW, and slope efficiencies of 17%, 8.9%, and 4.9% for 2x8%, 8%, and 2% outcoupling, respectively. Figure 2c shows the measured results of the Yb-doped channel waveguide lasers pumped at 934 nm and 981 nm. When pumping the crystal at 981 nm with butt-coupled mirrors attached, the laser demonstrated lasing at 1023 nm with output powers up to 418 nm and a slope efficiency of 72% versus absorbed pump power. When the mirrors were removed and the pump laser was set to 934 nm, the laser wavelength switched to 981 nm. This wavelength corresponds to the zero-phonon line of Yb in KYW. The maximum output power increased to a recordhigh value of 650 mW, with a slope efficiency of 72% versus absorbed pump power. Fig. 2 . Input-output curves for a) the Tm-doped channel waveguide laser, pumped at 794 nm, in TM polarization, b) the Tm-doped channel waveguide laser, pumped at 802 nm, in TE polarization, and c) the Yb-doped channel waveguide laser, pumped at 934 nm without butt-coupled mirrors and at 981 nm with butt-coupled mirrors, both in TE polarization.
Conclusions
We have demonstrated high-power Yb-and Tm-doped KY 1-x-y Gd x Lu y (WO 4 ) 2 channel waveguide lasers. In Ybdoped channel waveguides, a record-high output power of 650 mW and 72% slope efficiency was measured at a wavelength of 981 nm. In Tm-doped channel waveguides, a record-high output power of 149 mW and 31.5% slope efficiency was measured at a wavelength of 1846 nm. The high output powers and slope efficiencies of the Tmdoped channel waveguide laser compared to previous results facilitates diode pumping around 800 nm. [2] Y. E. Romanyuk, C. N. Borca, M. Pollnau, S. Rivier, V. Petrov, and U. Griebner, "Yb-doped KY(WO 4 ) 2 planar waveguide laser," Opt. Lett. 31, 53-55 (2006 
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